Introduction
Star-fruit (Averrhoa carambola) is a fruit originated in tropical Asia. Nowadays, it is produced throughout Brazil and the State of São Paulo is the main producer. Currently most of the star-fruit is commercialized as fresh fruit, although there is a considerable interest in commercializing it as pre-cut or sliced fruit, mainly due to its star shape, much used in decorating dishes. It is a source of many nutrients, but its fragility and high moisture content facilitate its deterioration, resulting in a limited shelf life (SHIGUEMATSU et al., 2005) .
Drying is a method widely used in the preservation of postharvested fruits and in the production of dehydrated foods. However, conventional drying methods demand considerable energy consumption, since they involve simultaneous heat and mass transfers. This increases process costs, since energy sources are increasingly expensive over the world (FERNANDES et al., 2006) . Moreover, the use of high temperatures can result in the degradation and oxidation of some food nutrients. Thus osmotic dehydration stands out as an efficient pre-treatment, improving the final product's quality, due to a reduction in nutrients degradation such as vitamins and minerals. It also shows other advantages such as energy saving (reduction in drying time) and the fact that the product is processed in a liquid phase, allowing for good heat and mass transfer coefficients (RAOULT-WACK, 1994) . citric (0-1.5% w/w) and ascorbic (0-0.5% w/w) acids, at room temperature for 15 minutes. The treatments were carried out according to a complete 2 2 central composite rotatable design with 4 factorial points, 4 axial points, and 3 central points resulting in a total of 11 trials (Table 1) . A control sample was immersed in pure distilled water in order to evaluate the browning of non-treated fruits, and another sample was cut at the moment of the test to compare the results with those of the fresh fruit.
After blanching, the fruits were drained and exposed to ambient conditions for 6 hours. They were then instrumentally analyzed in terms of color using a Color Quest II bench spectrophotometer (Hunter Lab, Reston, USA) with 6 readings for each sample. The equipment was calibrated with Specular Reflectance Included (RSIN) using the white (X=77.46; Y=82.08; Z=88.38) and grey (X=47.71; Y=50.83; Z=54.94) standards, a 10° angle, and the D65 light source. The CieLab coordinates (a*, b*, L*) were read directly on the equipment, and the total color difference (∆E*) in relation to the just-cut fruit was calculated according to Equation (1).
Where: ∆L* = variation in luminosity; ∆a* = variation in the hue parameter -from red (+) to green (-); and ∆b* = variation in the hue parameter -from yellow (+) to blue (-).
The best blanching condition was considered to be the one that presented the least color variation in relation to the just-cut fruit. This condition was used to evaluate the effect of blanching on the osmotic dehydration of star-fruit, which was carried out according to the conditions defined by the experimental design described in the following section.
Osmotic dehydration
The fruits, previously selected and washed in tap water, were cut into 1 cm thick slices and subjected to osmotic dehydration under different conditions of temperature (T), concentration (C), and initial fruit:solution ratio (F:S) according to a complete nutritional and sensory quality due not only to the partial water removal but also to the protective effect of the solute used (ALZAMORA et al., 1997) . As compared to other dehydration methods, this process causes less damage to the cell wall and to the heat labile nutritive components, pigments and aromas, since it demands lower temperatures (RAOULT-WACK, 1994; MATUSEK; CZUKOR; MERESZ, 2008) .
Factors such as the fruit:solution ratio, temperature, solution concentration, agitation level and processing time and temperature can influence the mass transfer of water and solutes in the osmotic dehydration process. Temperature is one of the most important parameters in the osmotic dehydration kinetics. In general, the higher the process temperature, the greater the mass transfer rate, mainly due to the increase in cell permeability. On the other hand, temperatures above 45 °C can cause undesirable changes in color, flavor and aroma, as well as changes in the food cell wall (TORREGIANI, 1993 ). An increase in the dehydrating solution concentration can also favor mass transfer, such that the use of highly concentrated syrups close to saturation can promote an increase in the water loss (TORREGIANI, 1993) . In most cases this solution ends up being discarded after dehydration, and thus it is of interest to increase the fruit:solution ratio as much as possible, resulting in a more interesting process from the economic point of view.
Another considerable limitation to the production of sliced star-fruit is browning, even after dehydration, since it occurs quickly after exposition to oxygen (WELLER et al., 1997) . One alternative aimed at minimizing this problem would be the application of blanching by exposure to heat or immersion in organic acids or salts (MANO-FRANCIS; BRADRIE, 2004) .
Thus the objective of the present work was to study the influence of blanching with acid solutions and to evaluate the effect of some process variables (temperature, solution concentration and initial fruit:solution ratio) on the water loss, solutes incorporation and color of osmotically dehydrated star-fruit slices.
Material and methods

Material
Star-fruits (Averrhoa carambola) of the variety sour, obtained from producers in the region of Campinas-SP Brazil, were used as raw material. The fruits were first visually selected (yellow with green extremities), at the fully grown almost ripe stage, and subsequently by the soluble solids content (9 to 10 °Brix).
The osmotic solutions were prepared using commercial sucrose União (Copersucar, Brazil) and distilled water. Anhydrous citric acid, PA-ACS (Synth, Brazil), and L-ascorbic acid USP (Nuclear, Brazil) were used to prepare the blanching solutions.
Methods
Blanching
One centimeter (1.0 cm) thick star-fruit slices were blanched by immersion in solutions with different concentrations of The sub-indices 0 and t represent the process at the start and after a time t, respectively.
The results for moisture and solid contents obtained in each trial were fitted to Peleg's equation (PELEG, 1988) (Equation 4 ), an empirical model that has been used by some researchers to describe the osmotic dehydration kinetics (ATARÉS; CHIRALT; GONZÁLEZ-MARTÍNEZ, 2008; AZOUBEL; MURR, 2004; PARK et al., 2002) .
Where:
MC(t) = water or solids' amount at instant t (g);
MC 0 = initial water or solids amount (g)
According to Peleg (1988) , the parameter 1/k 1 is related to the initial rate of mass exchange according to Equation 5:
The results of the central composite rotatable design were evaluated statistically using the software STATISTICA® 5.0 (Statsoft, Tulsa, USA) and Minitab 15 (Minitab Inc., State College, USA) to obtain the models and evaluate the interactions between the different process parameters.
Results and discussion
Blanching
The results of the blanching tests did not allow for a good adjustment of the proposed experimental design presenting low determination coefficients (R 2 ), which could be attributed to the heterogeneity of the fresh fruits despite the initial selection of the raw material used. Thus, neither the models nor the response surfaces could be obtained to represent the influence of citric and ascorbic acid concentrations on the color parameters under study, and only the behavior of luminosity L* and total color variation in relation to the fresh fruit (∆E*) of the blanched and non-blanched (control) star-fruits were evaluated ( Figure 1 ).
With respect to the luminosity L* (Figure 1a ), the non-treated fruits showed a lower value for L* indicating the browning of the fruits immersed in pure distilled water. In general, all treatments led to a reduction in browning of the star-fruit (higher L* when compared to the values obtained for the non-treated fruit), independently of the acid concentration used, with the exception of sample number 1, which exhibited luminosity values similar to that of the non-treated sample (p > 0.05). It must be emphasized 2 3 central composite design with 8 factorial points, 6 axial points, and 4 central points resulting in a total of 18 trials ( Table 2) . The process was carried out at a controlled temperature TE-420 orbital shaker (Tecnal, Piracicaba, Brazil), with constant shaking at 120 rpm (FERRARI et al., 2005 ; PEREIRA; CARMELLO-GUERREIRO; HUBINGER, 2009) and a maximum process time of 8 hours. The samples were submerged in the osmotic solution in 600 mL beakers separately for each pre-determined time intervals. At the programmed intervals, the beakers were removed, and the samples were rinsed with distilled water and placed on absorbent paper to remove excess solution. The samples were then weighed and taken for determination of weight loss, soluble solids content, water activity, and moisture content.
The mass of the fresh and processed samples was determined using an AM5500 Marte semi-analytical balance (Impac, São Paulo, Brazil). Total soluble solids content was determined by direct reading using a bench refractometer (Zeiss, Jena, Germany), and water activity was measured using a CX-2 Aqualab digital hygrometer (Decagon Devices Inc., Pullman, USA). The moisture content was quantified gravimetrically using a vacuum oven at 60 °C to constant weight (ASSOCIATION…, 1995) . All physicochemical analyses were carried out at least in triplicate.
Data analysis
The values for solids gain (SG) and water loss (WL) were calculated according to Equations 2 and 3, respectively: 
Osmotic dehydration
Osmotic dehydration kinetics
Th e values for water activity (a w ) of the dehydrated star-fruit samples at the end of the eight-hour treatment varied between 0.934 and 0.940, representing a decrease of 5.5 ± 0.36% in relation to the initial a w of the fruit (0.992 ± 0.001). Such results are in agreement with those obtained by Alzamora et al. (1997) for samples of various fruits aft er reaching equilibrium in the osmotic dehydration process.
Figures 2 and 3 show the moisture and soluble solids content of the star-fruit samples with time, for the trials referring to the central and axial points of the experimental design, allowing one to observe the infl uence of the variation of each parameter on the osmotic dehydration of the star-fruit slices, individually.
In most of the cases, the rates of water removal and solute penetration were higher in the initial stage of the process due to the greater dehydration driving force between the food and the hypertonic solution (LENART, 1996) . Thus, osmotic dehydration of the star-fruit slices was faster during the fi rst two hours. Ferrari et al. (2005) , Betoret et al. (2004) and Sanjinez-Argandoña (1999) , investigating the osmotic dehydration of melon, cassava, and guava, respectively, also observed that the mass transfer occurred more intensely during the fi rst two hours of treatment reaching equilibrium aft er eight hours of processing.
Evaluating only the points in which a variation in the initial fruit:solution (F:S) ratio occurred (trials 9, 10, and the central points), it can be observed that the highest moisture content values were found for the points with the highest F:S ratio (1:2.1), i.e., the water loss observed in the processes carried out with a smaller amount of solution was lower. Th is could be attributed to the fact that the osmotic solution was diluted by the water removed from the product resulting in a smaller concentration gradient and, consequently, a reduced water loss. Sousa et al. (2003) also observed greater water loss and solids gain when they reduced the fruit:syrup proportion from 1:2 to 1:4 aft er 1.5 hours of osmotic dehydration of bananas under vacuum. However, when the process was carried out at atmospheric pressure, the increase in the fruit:syrup proportion did not result in signifi cant diff erences in the water loss or solids gain.
Regarding the infl uence of temperature on water loss (trials 13, 14, and the central points), it was shown that an increase in this variable caused a considerable reduction in the fi nal moisture content of the fruit. In addition, at temperatures close to the environmental temperature (26.4 °C), the process tended to reach equilibrium quicker due to higher final moisture content. Pérez-Tello et al. (2001) , Bauchot et al. (1999) and Ferrari et al. (2005) evaluated the eff ect of temperature on the osmotic dehydration of star-fruit, kiwi, and melon, respectively, and reported that some alterations can occur at higher temperatures such as swelling and plasticization of the cell membrane, which make the fruits more permeable to the passage of water and entrance of solids. In addition, an increase in temperature results in a decrease in the viscosity of that this condition, which was not effi cient in avoiding fruit browning, was the one in which the samples were treated with the lowest concentration of both acids.
Smaller values for ∆E indicate a smaller variation in color in relation to the fresh fruit and therefore lower browning. Amongst the samples treated with the diff erent acid combinations, it can be seen that, as observed for luminosity, sample 1 showed the highest total color variation and was more similar to the nontreated samples. In general, treatments 4, 7, 8, and the central points showed the lowest ∆E values and were considered the most effi cient under the conditions studied (Figure 1b) . Th us, considering that citric acid is currently cheaper than ascorbic acid, condition 7 (0.75% citric acid) could be indicated as the most economic treatment and was thus used in all the treatments for further studies. of both water and sugar was faster. Th is is probably due to the swelling and plasticization suff ered by the cell membrane during osmotic dehydration at higher temperatures, which led to an increase in its permeability (UDDIN; AINSWORTH; IBANOGLU, 2004) and a reduction in the viscosity of the osmotic solution (CHENLO et al., 2002) .
Considering the fruit composition in equilibrium, it can be observed that the condition with the highest sucrose concentration (trial 12) resulted in samples with lowest k 2 , i.e. with higher sugar intake and water loss in equilibrium.
Th e models obtained for the parameter associated to the mass exchange rate (1/k 1 ) adjusted to the central composite design did not present good fi t (R 2 < 0.6) for either water or sugar content. Th erefore, the response surfaces could not be obtained, and a simple evaluation of the interaction between the process variables on these parameters was made using the soft ware Minitab 15 (Minitab Inc., State College, USA). Figure 4 shows these interactions. the osmotic solution reducing the external resistance to mass transfer (CUSSLER, 1997) .
Th e increase in the osmotic solution concentration (trials 11, 12, and the central points) also led to an increase in water loss and solids gain of the star-fruit samples, which could be explained by the greater concentration gradient between the fruit and the solution resulting in a greater dehydration driving force, which was also observed by Teles et al. (2006) in the osmotic dehydration of melons at 65 °C. Table 3 shows the values of the Peleg's parameters adjusted to the osmotic dehydration kinetics data. Th e values of the parameter k 1 are in the range from 0.05 to 4 hours, while k 2 ranges between 0.01 to 0.1 for both water and sugars, respectively. Considering that 1/k 1 is related to the initial rate of mass exchange, it can be observed that at the highest temperature (trial 14), the initial mass exchange (lowest k 1 ) 
Mass transfer rate
Optimization of the osmotic dehydration process
Since larger values for water loss were obtained in the fi rst 120 minutes, this period of time was used to optimize the osmotic dehydration process. Th e experimental data for water loss (WL) and solids gain (SG) obtained aft er 120 minutes were subjected to an analysis of variance (ANOVA) and F test in order to be fi tted to a polynomial of the type Equation 6: where β is the regression coeffi cients referring to the variables of temperature (lower case index T), concentration (lower case index C), and initial fruit:solution ratio (lower case index F); Y is the response in question (WL or SG) and T, C, and F are the coded independent variables (temperature, solution composition, and initial fruit:solution ratio, respectively).
Generally, it can be observed that increasing the temperature from a minimum (-1) to a maximum level (+1) leads to an increase in the initial mass rate exchange (1/k 1 ) (Figure 4 a  and b) , which is more pronounced at higher osmotic solution concentration (C = +1). Th us, when smaller solution concentrations (level -1) were used, the temperature exerted a less pronounced eff ect on mass rate exchange compared to that exerted by more concentrated solutions (level +1) (Figure 4) . In this case, the increase in the solution concentration caused an increase in the osmotic gradient and, consequently, a faster water loss leading to greater diff usivity values. Moreover, the solution viscosity decreases exponentially with temperature (QUINTAS et al., 2006) , which may facilitate mass transfer phenomena. Considering the infl uence of initial fruit:solution ratio, the almost parallel lines observed in Figure 4 indicates no signifi cant eff ect of interaction between this variable and the solution concentration on the initial mass rate exchange. slight infl uence on these responses, only being signifi cant in conjunction with the other variables.
Since osmotic dehydration is a process that generally aims at maximum water loss and minimal solids gain, the curves of these two responses were superimposed to obtain the optimum conditions for processing ( Figure 5 ). Figure 5 shows that water loss was maximized by increasing both temperature and solution concentration. However, one must also consider that under these conditions the structure of the star-fruit may be permanently damaged either by destructuring of the cell wall due to high temperatures or even by high sugar concentrations, which increase plasmolysis and cause cell collapse (QUILES et al., 2004) . It should also be observed that an increase in solution concentration at low temperatures reduced water loss due to the increase in viscosity, as previously mentioned, which did not occur for solids gain. Th e smallest solids gain occurred at temperatures between 30 and 50 °C and concentrations between 35 and 55 °Brix. Table 4 shows the regression coeffi cients obtained for water loss (WL) and solids gain (SG) aft er 120 minutes of osmotic dehydration.
Th e adjustment of the equation for solids gain was lower than that obtained for water loss, but since the ratio of F cal /F tab was greater than 1, the equations were considered to be valid and were used to obtain the contour curves presented in Figure 5 . According to the equations, temperature and concentration were the parameters that most influenced both water loss and solids gain, while the initial fruit:solution ratio exerted a 
Eff ect of blanching on the fi nal color of osmotically dehydrated star-fruit
In order to evaluate the infl uence of blanching on the starfruit color aft er the osmotic dehydration process, instrumental color analyses were carried out on the fruit slices dehydrated under the optimized process condition (temperature of 50 °C, solution concentration of 50%, and initial fruit:solution ratio of 1:2.1) aft er 120 minutes of processing. Th e results obtained for the fruits subjected and those that were not subjected to the blanching condition determined in item 3.1 were compared (Table 6 ).
The samples subjected to blanching presented higher luminosity values (L*) than the non-blanched fruits. When compared to the fresh sample, the blanching treatment led to a slight, although not signifi cant (p > 0.05), increase in luminosity, which could be related to the increase in the fruits brightness due to the entrance of sugars. On the other hand, the results showed that processing led to a decrease in the L* value in the non-blanched fruits (p < 0.05) indicating browning of the fruit during processing.
The effect of blanching on the color of the osmotically dehydrated star-fruit can be better evaluated from the total color variation (∆E*) in relation to the fresh fruit. In this case, the pretreatment in a 0.75% citric acid solution for 15 minutes before osmotic dehydration led to a ∆E* value 5 times smaller than the non-treated star-fruit. Th is result shows that blanching was effi cient in maintaining the color of the osmotically dehydrated star-fruit.
Conclusions
Osmotic dehydration of star-fruit was more eff ective in the fi rst two hours of processing. Aft er this period, the process started to show smaller mass transfer rates.
Temperature had a positive infl uence on water and solids diffusivity resulting in greater water loss and solids gain. Th e increase in solution concentration led to an increase in solids gain but, at certain temperatures at which there was an increase in solution viscosity, it hindered water loss. Th e initial fruit:solution rate exerted little infl uence on the process. Th e osmotic dehydration carried out at 50 °C with solution concentration of 50% resulted in lower solids gain and greater As observed in the osmotic dehydration of potato and guava (LAZARIDES; MAVROUDIS, 1996; SANJINEZ-ARGANDOÑA; HUBINGER; MENEGALLI, 2002) , the use of temperatures above 50 °C led to a loss of the cell membrane selectivity making it easier for solute to diff use from the solution into the product. Th us, the regions on the graph showing the greatest water loss were the same as those showing the greatest solids gain. However, the ideal conditions are not those producing the greatest water loss or lowest solids gain, but rather those in which these two conditions occur simultaneously. Th erefore, according to Figure 5 , the conditions under which the ratio water loss/solids gain was smallest were those at temperatures close to 50 °C and solution concentration of about 50%. Th e initial fruit:solution ratio selected was 1:2.1 (the highest amongst all the ratios studied) since this parameter exerted little infl uence on the process, and the solution is generally discarded aft er use.
In order to validate the model obtained, both water loss and solids gain were determined experimentally aft er 120 minutes of process under the optimum conditions selected in the experimental design (temperature of 50 °C, solution concentration of 50%, and initial fruit:solution ratio of 1:2.1). Th e experimental results as well as those predicted by the model can be seen in Table 5. According to Table 5 , the diff erence between the predicted and experimental values was small, especially for water loss. Th e higher relative error calculated for solids gain is related with the lower determination coeffi cient (0.685) for this response, which indicates a poorer fi t of the model to the experimental data. Table 6 . Luminosity (L*) and the total color variation (∆E*) of the samples subjected and those that were not subjected to blanching. a signifi cant diff erence in relation to the in natura fruit (p < 0.05).
In water loss, and these were selected as the optimum process conditions. Since the initial fruit:solution ratio had little influence on the water loss and solids gain rates, the ratio of 1:2.1 was selected for being economically more interesting.
Blanching of the star-fruit in 0.75% citric acid represented the best cost:benefit ratio when compared with combinations of this acid with ascorbic acid, and it was effective in maintaining the color of the osmotically dehydrated fruit.
